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a b s t r a c t

A sea urchin-like carbon (UC) material with high surface area (416 m2 g−1), adequate electrical con-
ductivity (59.6 S cm−1) and good chemical stability was prepared by growing carbon nanotubes onto
mesoporous carbon hollow spheres. A uniform dispersion of Pt nanoparticles was then anchored on the
UC, where the Pt nanoparticles were prepared using benzylamine as the stabilizer. For this Pt loaded car-
bon, cyclic voltammogram measurements showed an exceptionally high electrochemically active surface

2 −1 2 −1
eywords:
arbon support
uel cells
atalyst
athode
tabilizer

area (EAS) (114.8 m g ) compared to the commonly used commercial E-TEK catalyst (65.2 m g ). The
durability test demonstrates that the carbon used as a support exhibited minor loss in EAS of Pt. Com-
pared to the E-TEK (20 wt%) cathode catalyst, this Pt loaded UC catalyst has greatly enhanced catalytic
activity toward the oxygen reduction reaction, less cathode flooding and considerably improved perfor-
mance, resulting in an enhancement of ca. 37% in power density compared with that of E-TEK. Based
on the results obtained, the UC is an excellent support for Pt nanoparticles used as cathode catalysts in
proton exchange membrane fuel cells.

© 2010 Elsevier B.V. All rights reserved.
. Introduction

Proton exchange membrane fuel cells (PEMFCs) have been of
reat interest as future energy sources for various applications, and
ave attracted much research work in this field [1–3]. However, the
ommercial viability of the technology of PEMFCs has been hin-
ered by several challenges, including poor kinetics of the oxygen
eduction reaction (ORR), the high cost of noble metal catalysts and
he loss of electrochemically active surface areas (EAS) of Pt [4–6]. In
uel cell electrodes, the catalytic activity of a fuel cell catalyst based
n Pt is related to the dispersion and the size distribution of the
atalyst and closely linked to the characteristics of the carbon sup-
ort [7–10]. An increase in the dispersion of the catalyst should lead
o an enhancement of the kinetics, particularly of the ORR, whose
ate is an important limiting factor in fuel cell performance. Cata-

yst support technology has been proven as an effective approach to
owering the usage of noble metal while simultaneously improving
he catalytic activity of the supported catalysts. The key properties
f carbon supports are a relatively large surface area, good electri-

∗ Corresponding author. Tel.: +886 6 275 7575; fax: +886 6 276 2331.
E-mail address: plkuo@mail.ncku.edu.tw (P.-L. Kuo).

378-7753/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpowsour.2010.06.048
cal conductivity, and an accessible porosity. Rather than the most
frequently employed supports at present, such as carbon black and
activated carbon, carbon nanotubes (CNTs), carbon nanofibers, or
hollow nanospheres have proven to better supports for electrocat-
alysts [11–15]. CNTs have excellent electrical conductivity but, they
exhibit a poor pore development and low surface area. Pores and
surface area ensure simultaneous contact between the reactant fuel
and the catalyst, which allows the electrochemical reactions to take
place. In contrast, mesoporous carbon has high mesoporosity and
relatively low microporosity, but has an amorphous framework and
poor electrical conductivity [16–19]. Therefore, it would be of great
interest to develop a novel material to combine the advantages of
these two materials together.

The present work aims at obtaining a deeper insight into the
preparation of sea urchin-like carbon (UC) by growing CNTs on
mesoporous carbon hollow spheres (MCHS). This new material
offers the advantageous features of large surface area, high elec-
tronic conductivity, good chemical stability and hydrophobicity.

This UC was used as a catalyst support for application in fuel
cell electrodes. A uniform dispersion of Pt nanoparticles was then
anchored on the UC, where the Pt nanoparticles were prepared
using benzylamine as the stabilizer. The EAS and durability test
of the Pt loaded UC (Pt/UC) were measured by cyclic voltammetry

dx.doi.org/10.1016/j.jpowsour.2010.06.048
http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:plkuo@mail.ncku.edu.tw
dx.doi.org/10.1016/j.jpowsour.2010.06.048
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CV) and showed excellent performance. Finally, preliminary tests
f membrane electrode assemblies (MEA), using Pt/UC as catalyst
t the cathode, were carried out in a single 5 cm2 PEMFC.

. Experimental

.1. Synthesis of UC

The MCHS were synthesized using a method reported in lit-
rature [20,21]. The MCHS were dispersed in iron ionic Fe(NO3)3
olution with an [Fe3+] concentration of 5 × 10−3 M. The solution
as stirred overnight, and the sample was later filtered and dried
nder vacuum at 70 ◦C. Then the powder was placed in a quartz tube
here Argon gas was used as the carrier gas at a flow rate of 100

tandard cubic centimeters per minute (sccm) during the entire
rocess. Hydrogen gas (99.9%) was subsequently used to reduce
he iron at a steady flow rate of 20 sccm at 500 ◦C. Then, CNTs were
rown from iron catalysts on carbon spheres through reaction with
cetylene at a steady flow rate of 20 sccm at 700 ◦C with different
ime conditions. Finally, HCl(conc.) was used to remove the iron cat-
lysts on the UC. MCHS with various lengths of CNTs are denoted
s UC�, with � representing the growth time (i.e. 20 and 45 min) of
NTs.

.2. Synthesis of carbon-supported Pt catalysts

The carbon material supported Pt catalysts were prepared by the
eduction of PtCl62− using tri-sodium citrate, while the stabilization
nd deposition of Pt particles on the carbon supports were accom-
lished by the amino-containing stabilizer [22,23]. First, H2PtCl6
queous solution was mixed with excess solids of tri-sodium cit-
ate in boiling water. When the color of the solution changed from
ellowish to brown, heating was stopped immediately. After cool-
ng down, benzylamine was dissolved in the above solution with
arbon material. In this experiment, the catalyst ratio of 20 wt%
as synthesized and real loadings of Pt were measured by thermo-

ravimetric analysis (TGA). Residue solids were washed by copious
mounts of deionized water to remove [Cl−]. In order to remove the
tabilizer on the electrocatalysts, heat treatment was performed at
00 ◦C for 4 h under a H2 atmosphere.

.3. Methods of characterization

X-ray photoelectron spectroscopy (XPS) measurements were
arried out with a VG Scientific ESCALAB 210 electron spectrometer
sing Mg-K� radiation under a vacuum of 2 × 10−8 Pa. The mor-
hological characterization was performed by scanning electron

icroscope (SEM) using a JEOL JEM6700 FESEM operating at 10 kV.

ransmission electron microscopy (TEM) was conducted using a
itachi H-7500 microscope operating at 80 kV. TG analysis was
erformed on a thermogravimetric analyzer (TGA Q-50) over a tem-
erature range of 50–800 ◦C at a heating rate of 20 ◦C min−1. X-ray

able 1
urface structure parameters and electron conductivity for MCHS, UC20, UC45, and comm

Sample SBET
a

(m2 g−1)
Smicro

b

(m2 g−1)

MCHS 717 191
UC20 416 22
UC45 357 12
XC-72 217 68

a SBET, BET surface area.
b Smicro, micropore surface area.
c Smeso-macro, mesopore and micropore surface area.
d Vtotal, total pore volume.
e Conductivity, the electron conductivities were measured by adding 5% PTFE in the sa
urces 195 (2010) 7983–7990

powder diffraction (XRD) was performed on a Rigaku RINT2100
X-ray diffractometer with Cu-K� radiation operated at 30 kV
and 30 mA. Specific surface areas of the prepared carbons were
determined using the Brunauer–Emmett–Teller (BET) method on
a Micromeritics ASAP 2020 instrument. A CHI-608A potentio-
stat/galvanostat and a conventional three-electrode test cell were
used for electrochemical measurements. An Ag/AgCl/KCl (3 M) elec-
trode was used as a reference. All potential in this study, however,
are given relative to the reversible hydrogen electrode (RHE). Glassy
carbon disk electrode (5 mm diameter, Pine) served as the sub-
strate for the supported catalyst. An aliquot of catalyst suspension
was transferred onto the carbon substrate, leading to a catalyst
loading of 50.5 �g catalyst cm−2 for Pt/MCHS, Pt/UC20, Pt/UC45 and
E-TEK. The CV test for accelerated durability was performed on
the working electrode by cycling the voltage between 0 and 1.23 V
versus RHE in 0.1 M HClO4 solution. The scan rate was 20 mV s−1.
The electrochemical surface areas were calculated from the H2
adsorption–desorption peaks of the CV cycle. In total, 5000 CV
cycles were performed for each case.

Single fuel cell test was evaluated using a unit cell with an active
area of 5 cm2 fed with hydrogen and oxygen at the anode and cath-
ode for a rate of 200 ml min−1. The MEA for the single cell test was
fabricated as follows. Catalyst ink was prepared by mixing Pt/C cat-
alyst powder with water (2.0 ml for 1.0 g of electrocatalyst), and
then adding iso-propanol (20 ml for 1.0 g of electrocatalyst) to avoid
any ignition. 5% Nafion dispersion (Dupont) was added (0.8 g solid
Nafion for 1.0 g of catalyst) to the catalyst slurry. Catalyst coating on
gas diffusion layer (GDL, 50 wt% wet-proofing carbon paper, Toray)
with 5 cm2 active area was fabricated by brushing Pt/C catalyst
ink. The catalyst loadings on the anode and cathode layers were
both 0.5 mg Pt cm−2. The catalyst-coated GDLs were hot-pressed
with Nafion-117 membrane (Du Pont) at 140 ◦C under 30 kg cm−2

of pressure.

3. Results and discussion

3.1. Synthesis and characterization of UC material

UC was prepared by growing curled CNTs on MCHS to incor-
porate the unique structures and properties of two types of
nanostructured carbon materials. The MCHS were synthesized by
templating method, starting with phenol formaldehyde polymer
as the carbon precursor and using gelatin as a structure-directing
agent [20,21]. Fig. 1a shows that the carbon spheres were uniform
and spherical with a diameter of approximately 1.0 �m. Exami-
nation of the broken spheres confirmed that they have spherical
hollow cores with a shell thickness of about 100 nm. The MCHS

were used as a substrate for growing CNTs to form UC materials.
Fig. 1b and c shows the SEM images of UC20 and UC45, and illus-
trates that the curled CNTs were clearly produced on the surface of
carbon spheres. As the growth time of CNTs was increased from 20
to 45 min, the length of the CNTs increased.

ercial XC-72 carbon supports.

Smeso-macro
c

(m2 g−1)
Vtotal

d

(m3 g−1)
Conductivitye

(S cm−1)

526 1.20 7.4
394 1.02 47.3
345 1.04 59.6
149 0.57 29.2

mple.
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Fig. 2. (a) Nitrogen adsorption and desorption isotherms and (b) pore size distribu-
tion of MCHS, UC and UC .
Fig. 1. Typical FESEM images of the (a) MCHS, (b) UC20, (C) UC45.

The nitrogen adsorption–desorption isotherms and pore size
istributions were used to characterize the pore structures of the
CHS with different lengths of CNTs, as shown in Fig. 2. Struc-

ural parameters for the MCHS, UC, and Vulcan XC-72 derived from
he nitrogen adsorption–desorption isotherms are summarized in
able 1. The nitrogen adsorption–desorption curves confirm that
he prepared MCHS (Fig. 2a) can be classified as the type IV typ-

cal mesoporous material. Fig. 2b reveals that the MCHS have a
arrow pore size distribution centered at 7.5 nm and a high BET
urface area (SBET) of 717 m2 g−1, with a total pore volume (Vpore)
f 1.20 cm3 g−1, as shown in Table 1. After growth of CNTs on the
CHS for 20 and 45 min, the BET surface area decreased to 416 and
20 45

357 m2 g−1, respectively. As shown in Table 1, the total pore volume
decreased from 1.2 to 1.04 cm3 g−1 as the growth time increase
from 0 to 45 min. As a comparison, the commercially produced
Vulcan XC-72 carbon exhibited a low surface area of 217 m2 g−1

and pore volume of 0.57 cm3 g−1. It is known that, for carbon-
supported Pt catalysts, Pt particles have to be well dispersed on
conductive carbon supports and in small sizes to effectively uti-
lize these metals. Higher surface areas of carbon supports increase
depositing sites for the small Pt particles. However, the microp-
orosity of the carbon support would reduce the accessibility of
deposited Pt owing to the hindering of the contact between the
Pt surface and the fuel (e.g. hydrogen or methanol). Therefore,
the microporosity of these carbon materials was calculated based
on the surface area that limits the pore diameter to less than
2.0 nm. As seen in Table 1, the prepared UCs have a relatively lower
micropore surface area of 22 and 12 m2 g−1 for UC20 and UC45,
respectively, as compared with that of the Vulcan XC-72 carbon
(68 m2 g−1).

The electrical conductivity of the UC was further characterized,
also shown in Table 1. The MCHS exhibited an electrical conductiv-
ity of 7.4 S cm−1, while UC20 and UC45 showed much higher electron
conductivities, i.e. 47.3 and 59.6 S cm−1, respectively. Evidently,
the growth of CNTs onto MCHS effected a remarkable increase
in electrical conductivity, which is significantly better than XC-72
(29.2 S cm−1). This reveals that the CNTs on MCHS enable the con-

duction of electrons among carbon spheres more effectively than
XC-72.
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Fig. 3. TEM images of as-prepared (a) Pt/MCHS, (b) Pt/UC20, and (c) P

.2. Deposition of Pt nanoparticles on UC

The UC material is expected to be utilized as a Pt support for
pplication in electrocatalysts. In this work, carbon-supported Pt
anoparticles were prepared by a benzylamine-assisting method
uperior to our current stabilizer [22–24]. We use benzylamine
olecules as a stabilizer to protect Pt nanoparticles so that dam-

ge to the graphene structures of carbon materials is prevented.

he TEM images of the benzylamine-stabilized Pt nanoparticles
upported on MCHS, UC20, and UC45 are shown in Fig. 3a–c, respec-
ively. Pt nanoparticles, which were well dispersed on the carbon
urface, with a diameter of about 1.5 nm were obtained. This result
ndicates that benzylamine provides very good stabilization for Pt.
and heat-treated (d) Pt/MCHS, (e) Pt/UC20, and (f) Pt/UC45 catalysts.

Stabilization of the Pt particles by benzylamine can be discussed
mainly from the viewpoint of complexing ability and �–� inter-
action: the amine group is a highly effective chelating agent for
metal atoms, and meanwhile, the benzyl rings surrounding the
complexed metal core simultaneously separate the particles from
each other and promote the Pt nanoparticles to adsorb onto the
surface of carbon supports through the �–� interaction. The mor-
phology of the carbon-supported Pt nanoparticles after thermal

treatment was investigated by TEM to determine the quality of the
dispersion. Fig. 3d–f displays the TEM images of the samples after
thermal treatment in a H2 flow at 400 ◦C for 4 h. The average diam-
eters of the samples before and after calcinations are displayed in
Table 2. It can be seen that the particle sizes increased slightly to
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Table 2
Mean diameters and electrochemical active surface area of as-prepared and heat-treated Pt/C catalysts with different carbon supports.

Sample Pt content (wt%) d (nm) EAS (m2 g−1 Pt)

Before calcination After calcination Before calcination After calcination After 5000 cycles

Pt/MCHS 19.7 1.6 ± 0.4 2.9 ± 1.8 51.7 61.4 47.0
Pt/UC20 17.2 1.5 ± 0.4 2.2 ± 0.4 52.7 78.8 73.3
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active site to the electrolyte solution.
As shown in Table 2, the EAS in the presence of benzylamine

are 51.7, 52.7 and 64.4 m2 g−1 for Pt/MCHS, Pt/UC20 and Pt/UC45,
respectively. After calcination, the EAS became 61.4, 78.8 and
Pt/UC45 18.6 1.4 ± 0.4 2.2 ± 0
E-TEK 20.0 – 2.4 ± 0

.9, 2.2 and 2.2 nm for Pt/MCHS, Pt/UC20 and Pt/UC45, respectively,
fter calcinations. No serious agglomeration or fusion occurred, and
he quality of dispersion for Pt remained high. As shown in Table 2,
he particle sizes of Pt on UC20 and UC45 after calcinations were
maller than the size of commercial E-TEK 20 wt% Pt/C (2.4 nm).

The powder XRD patterns of Pt supported on the heat-treated
CHS, UC20 and UC45 are shown in Fig. 4. The diffraction peaks

n the XRD pattern at 2� of 39.6◦, 46.1◦, 67.5◦, and 81.2◦ can be
ssigned to be the reflections of the (1 1 1), (2 0 0), (2 2 0), and
3 1 1) planes of the face-centered-cubic (fcc) Pt, respectively. The
andwidth became slightly sharper for the MCHS-supported Pt cat-
lyst, indicating an increase in particle size. Grain sizes of 2.2 nm
ere calculated for Pt nanoparticles supported on the UC from
easurement of the broadening of the (2 2 0) peaks using the Scher-

er equation, which is smaller than that of the Pt supported on
CHS (3.0 nm). The calculated grain sizes of the UC supported Pt

anoparticles are in agreement with those determined by TEM. This
emonstrates that the agglomeration which occurred among the
upported Pt nanoparticles was not serious.

For a benzylamine-stabilized Pt/C catalyst, the interaction
etween benzylamine and Pt was characterized by the N 1s line of
he X-ray photoemission spectroscopy (XPS), as shown in Fig. 5a.
he N 1s line was deconvoluted into three superimposed peaks at
97.6, 399.3 and 401.9 eV. The peaks at 399.3 and 401.9 eV are char-
cteristic peaks for free amine and protonated ammonium ions,
espectively. The peak component at 397.6 eV demonstrates the
resence of a nitride bonding (Pt–N) between the head-on N atoms
f benzylamine and the surface Pt atoms of Pt nanoparticles. This
esult evidently proves the bi-functional stabilizing mechanism
f benzylamine to Pt particles. In Fig. 5b, the Pt 4f line showed
wo pairs of peaks from the spin–orbital splitting of the 4f7/2 and
f5/2. The most intense doublets observed at 71.3 and 74.5 eV are

ttributed to zero-valent Pt (Pt(0)). This demonstrates that the well
ispersed and Pt(0)-dominated catalysts have been successfully
repared by this method.

ig. 4. Typical X-ray diffraction patterns for the (a) Pt/MCHS, (b) Pt/UC20, and (c)
t/UC45 catalysts.
64.4 114.8 94.1
– 65.2 49.2

3.3. Electrochemical properties of the UC supported Pt catalyst

3.3.1. Electrochemical active surface area
To illustrate how the stabilizer layer of benzylamine affects

electrochemical properties of Pt, the CVs of UC supported Pt
catalysts before and after calcination (Fig. 6a and b) were mea-
sured and compared to those of MCHS-supported Pt and E-TEK
Pt/C catalysts. The EAS were estimated by the integrated charge
(after excluding the double layer charging effect) in the hydrogen
adsorption–desorption region [25]. Before calcination (Fig. 6a), the
hydrogen adsorption–desorption characteristic peaks in the poten-
tial range from 0 to 0.3 V using RHE as reference are small. After
calcination (Fig. 6b), the hydrogen adsorption–desorption peaks
become strong and well-featured. This indicates that the decom-
position of benzylamine has brought about the exposure of the Pt
Fig. 5. XPS spectra of (a) N 1s lines for as-prepared Pt/C catalyst and (b) Pt 4f region
for Pt/C catalyst after thermal treatment.
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E-TEK drop abruptly; however, those for Pt/UC45 and Pt/MCHS,
ig. 6. Cyclic voltammograms of various carbon supports supported Pt catalysts (a)
efore and (b) after calcination. CVs were obtained at a scan rate of 20 mV s−1 in
.1 M HClO4.

14.8 m2 g−1, respectively. Again, decomposition of benzylamine
nables Pt to be more exposed to hydrogen and to show more
ctivity. It can be seen that the thermal treatment made Pt/MCHS,
t/UC20 and Pt/UC45 to increase 19%, 50% and 78% increase in the
AS, respectively. As mentioned-above, the EAS values of Pt/UC20
nd Pt/UC45 are higher than that of Pt/MCHS, which indicates that
he Pt nanoparticles deposited on UC exposed more active sites
han those in the pores of the MCHS after calcination. The different
egree in enhanced EAS area depends on where the Pt nanoparticles
re deposited. As mentioned in the previous section, the average
ore size of MCHS was 7.5 nm, calculated by the BJH methode,
hus, the benzylamine-stabilized 1.5 nm Pt nanoparticles can fall
hrough the pores of the MCHS. Since benzylamine is in excess
elative to Pt molarity, extra benzylamine can be adsorbed by the
esopores of the MCHS. During calcination, both the coordinated

nd extra benzylamines were burned and became residual char.
n the surface of the Pt nanoparticles, the existence of carbona-
eous char can separate particles from each other, thus the well
ispersed 2.9 nm Pt nanocatalysts were obtained. However, the
har may lay over the Pt active sites and obstruct the contact of
lectrolyte solutions or fuels with Pt sites. Thus, we observed a
maller degree in enhanced EAS for the MCHS-supported Pt cata-

yst. For UC, the nanotubes do not have the pores that cause the
indrance to the active sites on the Pt particles. Therefore, we
bserved a higher degree in enhanced EAS after burning the ben-
ylamines for the UC supported Pt catalysts. It can be concluded
urces 195 (2010) 7983–7990

from these results that Pt nanoparticles supported on UC have a
better utilization of Pt active sites than on MCHS. Moreover, the
EAS values of Pt/UC20 and Pt/UC45 are all significantly higher than
the 65.2 m2 g−1 of 20% E-TEK Pt/C. It is known that the higher EAS
the catalyst has, the better the activity for ORR the catalyst pos-
sesses.

3.3.2. Durability test of Pt catalyst and carbon support
To be a candidate for cathode material of PEMFC, oxidation

stability of carbon supports and the corresponding durability of
catalyst particles are major requirements for cathode catalysts. CV
measured under hydrogen adsorption–desorption can be used to
not only determine the Pt active surface area as above-mentioned,
but also to evaluate the stability of the catalyst. The degradation of
an electrocatalyst can be characterized by measuring the repeated
CV cycles with the appropriate lower and upper potential limits in
an acid solution [26–28]. Hereafter, the measurement of CV curves
for Pt/MCHS, Pt/UC20, Pt/UC45 and E-TEK Pt/C was conducted by
cycling the electrode potential between 0 and 1.23 V using RHE
as reference at a scan rate of 20 mV s−1 in a 0.1 M HClO4 solution.
As shown in Fig. 7b and c, The Pt EAS of the Pt/UC20 and Pt/UC45
only decrease about 7% and 18% (Table 2) after 5000 cycles, respec-
tively. However, the Pt EAS of E-TEK Pt/C (Fig. 7d) and Pt/MCHS
significantly decrease by about 25% and 23% after 5000 cycles,
respectively, indicating that the growth of CNTs onto MCHS can
provide much higher durability. The MCHS has been characterized
as amorphous phase-rich carbon and is easily oxidized. Thus, the
oxidation during potential cycling may induce a surface structural
change of the nanopores so as to cause the decrease of surface
area [28]. On a support with a smaller surface area, the aggrega-
tion of Pt particles occurs more easily, and results in the decreased
EAS.

3.4. Performance of the cathode of PEMFC

The polarization behavior and power density curve of the sin-
gle PEMFC at 70 ◦C using Pt/UC45 as the cathode was compared to
that using E-TEK Pt/C and Pt/MCHS as the cathode material (Fig. 8),
where E-TEK 20% Pt/XC-72 was used as anode for each fuel cell test.
Pt loading was 0.5 mg cm−2 both at cathode and anode. At 0.8 V,
the activation polarization is mainly affected by the activity of the
catalyst. Thus, all of the measurements were carried out at 0.8 V.
The Pt/UC45 catalyst showed a current density of 120 mA cm−2,
which is remarkably higher than the E-TEK catalyst (105 mA cm−2)
and is more than three times as high as the Pt/MCHS catalyst
(40 mA cm−2). The UC supported catalyst exhibited both higher
initial and final current density of oxygen reduction than the E-
TEK catalyst and Pt/MCHS. Moreover, Pt/UC45 exhibited a higher
maximum power density (323 mW cm−2) than those of the E-TEK
catalyst (235 mW cm−2) and the Pt/MCHS catalyst (257 mW cm−2).
This corresponds to the 37% and 26% increase in oxygen reduc-
tion activity for the Pt/UC45 catalyst compared to those of the
E-TEK catalyst and Pt/MCHS catalysts, respectively. Such a large
improvement may be related to the unique structural properties
of the UC. This is derived from: (1) the higher surface areas and
larger pore volumes of the UC, which allow for a greater degree of
catalyst dispersion; and (2) the better electrical conductivity com-
pared to MCHS and XC-72. Furthermore, at a current density higher
than 350 mA cm−2, the curves of potential and power density for
all decreased gradually and higher than those for E-TEK. For the
Pt/UC45 based cathode, the growth of CNTs on the MCHS may
lead to the higher hydrophobicity and therefore the less cathode
flooding.
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Fig. 7. Cyclic voltammograms of various carbon supports supported Pt ca
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[

[13] X. Li, I.M. Hsing, Electrochim. Acta 51 (25) (2006) 5250–5258.
ig. 8. (a) Polarization curves and (b) power density plots of PEMFC using Pt catalyst
upported on MCHS, UC45 and commercial E-TEK catalyst at 70 ◦C.

. Conclusions

The growth of CNT on the MCHS was realized by CVD using Fe
s catalyst. Pt deposition on the UC was then conducted by benzy-
amine as a stabilizer to Pt nanoparticles. CV measurements show

n exceptionally high EAS (114.8 m2 g−1) compared to the com-
only used commercial E-TEK catalyst (65.2 m2 g−1). Furthermore,

he durability test demonstrated that UC as a support exhibited
ess Pt surface area loss without sacrificing catalytic activity. This

[
[

[

talyst at different scan cycles in 0.1 M HClO4. Scan rate: 20 mV s−1.

is considered to be due to the unique structural properties of
the UC including large surface area, high electron conductivity,
and well developed interconnected porosity, which can support Pt
nanoparticles to be in uniform dispersion and of small particle size.
Compared to the Pt/XC-72 cathode catalyst, the Pt/UC catalyst has
demonstrated greatly enhanced catalytic activity toward ORR, less
cathode flooding and considerably improved PEMFC performance.
Based on the results obtained, the UC is an excellent support for Pt
nanoparticles for cathode catalysts in PEMFC.
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